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ABSTRACT

The indentation size effect (ISE) has been observed in numerous nandiaodenta
studies on crystalline materials; it is found that the hardimessases dramatically with
decreasing indentation size — a “smaller is stronger” phenomeoore Bave attributed
the ISE to the existence of strain gradients and the geomigtmealessary dislocations
(GNDs). Since the GND density is directly related to the ll¢athice curvature, the
Scanning X-ray Microdiffraction (WSXRD) technique, which can quaintely measure

relative lattice rotations through the streaking of Laue diffoas, can used to study the
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strain gradients. The synchrotron uSXRD technique we use — whictlewakmped at the
Advanced Light Source (ALS), Berkeley Lab — allows for probing thll plastic
behavior of crystals with sub-micrometer resolution. Using #uabriique, we studied the
local plasticity for indentations of different depths in a Culsirmgystal. Broadening of
Laue diffractions (streaking) was observed, showing local dristeace rotation due to
the indentation-induced plastic deformation. A quantitative analysighefstreaking
allows us to estimate the average GND density in the ind@mfafiastic zones. The size
dependence of the hardness, as found by nanoindentation, will be dsanbeits

correlation to the observed lattice rotations will be discussed.



. INTRODUCTION

Modern devices are currently being aggressively scaled. Imwgggshe dimensions
of these devices are at the sub-micrometer and nanometerAtabeigh most of these
devices are primarily functional and not mechanical, their rétyaland lifetimes are
often controlled by the mechanical properties of the materialsctmaprise the device.
Thus, the creation of such small components requires a thorough understanttiag
mechanical properties of materials at these small lengtlessc&urthermore, as
specimens are reduced in size to the scale of the microst&ruchair mechanical
properties deviate from those of bulk materials. For examphtajnrfilms — where only
one dimension, the thickness, reaches the micron scale and belowflewttstress is
found to be higher than its bulk value and becomes even higher asritgefd thinner.
This size effect is usually attributed to the confinement of dislocations bultikeate'

In nanoindentation experiments, where the length-scale of the defmnmiatiches
the microstructural length-scale of the material, the govgrratations between stress
and strain deviate from the classical laws that apply to bullerratst. For crystalline
materials, the hardness of a small indentation is usually hi¢faer that of a large
indentation. This indentation size effect (ISE) has been explained tis concept of
geometrically necessary dislocations (GNDs) and straidigmes®™® According to this
picture, for a self-similar indenter, for example, a Berkovictpshayramidal indenter,
the total length of GNDs forced into the solid by the indenter scales with the srfube

indentation depth, while the volume in which these dislocations are fouled sath the

cube of the indentation depth; thus, the GND dengity (lepends inversely on the



indentation depth. The higher dislocation densities expected at smd#atation depths
lead naturally to higher strengths through the Taylor relafiand this leads to the ISE.

Characterizing the deformation zone below indentations has been sadbaoany
researcher®? In recent years, the use of focused ion beam (FIB) has enabied m
accurate scanning electron microscope (SEM) imadifitias well as crystal orientation
mapping using electron backscatter diffraction (EBS8})and transmission electron
microscopy (TEMY>*® Scanning X-ray microdiffraction (uSXRD) using a focused
polychromatic/white synchrotron X-ray beam can be used to deterthandattice
rotation which is directly related to the local lattice cunvef* strain gradients, and the
GND density. Compared to many other techniques, such as EBSD and thaM,
advantages of uSXRD are non-destructive and a much largeriaetdepth. pSXRD
has been described in a complete manner in the litef&tarel its capability as a local
plasticity probe at small scales stems from the higldrde of the synchrotron source,
as well as the recent advances in X-ray focusing optics.capigbility is also related to
the continuous range of wavelengths in a white X-ray beam, iatioBragg's law to be
satisfied even when the lattice is locally rotated or bent,threguh the observation of
streaked Laue spots. uSXRD has been used in the study of tlgestmyes of
electromigration failure in metallic interconnect lifés? wherein lattice bending and
GNDs are created by electromigration proceds#s.

The use of spatially resolved X-ray diffraction to measurel |tatéice rotations
induced by indentation was pioneered by Ice’s gr8dp.In particular, they have
provided a methodology for a clean measurement of lattice rotatsmtiated with a

2um-deep Berkovich indentatioR®® They demonstrated th#t at the center of one



particular indentation side-face (positign as shown in Fig. 2(a)), the X-ray beam
encounters a single rotation axis; at other positions, the X-ray lmeay encounter
multiple rotation axes, which complicates the resulting diffracted beams.

The present study builds upon and is complementary to this body of kigmylend
our primary focus is to compayg; estimated through the observed lattice rotation to that
expected from nanoindentation hardness results. Using uSXRD, wetafiaety study
the streaking/broadening of Cu Laue peaks corresponding to diffedamtation depths,
allowing us to estimatgg in the individual indentation-induced plastic zones. Then, a
revised Nix and Gao modéf’ is used to correlate the experimental hardness
measurement withps. Finally, the values ofps estimated through both pSXRD

observation and hardness measurement will be compared and discussed.

1. EXPERIMENTAL

A copper single crystal specimen with a <111> out-of-plane orientati the form
of a 2mm-thick, 10mm-diameter disk, was purchased from Monocrystalp&ymA
flat edge was cut along a <110> direction (normal to a <112> idingdio provide a
reference for the crystal orientation. The indented sample susfas mirror-finished and
electropolished.

Three-sided Berkovich indentation tests were performed using a Nan@nKpP"
with the continuous stiffness measurement module. Figure 1 shows eal apage of
the 5 indentation arrays (each consisting of 8 indents, namekd arBay without the

center), corresponding to indentation depths jgh31.5um, Tum, 0.5um and 0.2Gm.



The horizontal edges of the indents were lined up within 1° to thedize, namely a
<110> type direction of the single Cu disk as shown in Figs. 1 andli2@)er to locate
the indentations using X-ray, square platinum markers were tbposiied at the
corresponding array centers using a focused ion beam (FIBjharsize of the markers
are um, 5um, 4um, 3um and 1.5m for the 5 indentation depths fromr to 0.2m,

respectively.
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FIG. 1. An optical image of Berkovich indentation arrays on aleiogystal (111) Cu with
indentation depths ranging from8n to 0.25um. Here, each of the labels fromuf®” to
“0.25um” indicates the indentation depth for the corresponding indentatiay. This optical
image is taken before depositing the Pt markers. Herengleetéd image bounded with thick

shaded lines is a magnification of fr the corresponding 0.2 indentation array.

The white beam X-ray microdiffractionuXRD) experiment was performed on
beamline 7.3.3. at the Advanced Light Source, Berkeley, CA. The samaplenaunted
on a precision XY Huber stage and oriented at an angle of 45° with respect to tha incide

beam (see Fig. 2(b)). Firstly, the indented sample surfaceragéex scanned at room



temperature under the X-ray beam to provide X-ray micro-fluerese (XRF), which
revealed the Pt markers on the Cu sample to locate the inderdatays. Then, finer
uXRD scanning was conducted on the individual indents using a constant Be&&am
size (namely, full width at half maximum (FWHM) of the focused beam inteissagual

to about 0.8m). As with typical synchrotron experiments, the scanning quantity and
quality (resolution) were always balanced against the limitechligae. Only the gm,

1um and 0.2pm indents wer@eXRD scanned with step sizes qirf, lum and 0.fm,
respectively. For each indentation depth, we scanned 3 individual indentatloans.
uXRD patterns were collected using a MAR133 X-ray charge-cougéice (CCD)
detector and analyzed using the XMAS (X-ray microdiffractionlysma software)
software packag® For the same experimental setup as shown in Fig. 2(b), Yarlg et a
found that®>>" even after penetrating a copper sample as deep as38~8t incident
beam can still generate detectable diffracted beams, indic#tiag the effective

penetration length of X-ray microbeam for copper is at least 30n50
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FIG. 2. The experimental setup i@XRD following the methodology by Yang et {3 (@) The
optical image of a |Bn-deep indentation, showing that an indent edge was aligned with the
[110] of the Cu single crystal, where positiénis the center of the corresponding indent side
face. (b) The schematic illustrating the cross-section ofofa}he plane containing both the
incident beam at positioA and the diffracted beams, whete represents the local lattice
rotation with respect to the undeformed lattice. (c) The schematattice curvature. (d) The
schematic of X-ray beam scanning showing the non-symmetreindlumes probed by X-ray.
Here, in (a), (b) and (d), thick dash-dot lines replicate theiplaste boundary corresponding to

0.2% plastic strain contour determined by Finite Element AralfEA) (see Fig. 8(b)), while



the thin dot lines schematically represent the volumes probetiebX-tays with an effective

30um X-ray penetration length.

1. RESULTS & DISCUSSION

A. Mapping of Laue Peaks on the Area Covering an Individual Indent

We first describe theaSXRD map of an individual@n indentation with the incident
beam scanning the indented and surrounding areas as in Fig. 3fféidtiwes scanning
step in the map, namely the distance between imaggsmnisathid each image in the map
is the (111) Laue spot for the corresponding location scanned. Hmek, image
represents a two-dimensional (2D) diffraction intensity contouhendiffractometey-6
coordinates. Although the CCD detector recoyel®) as illustrated in Fig. 2(b), the
XMAS software processes the original CCD data and produéeplots; thus, in the
following, the uSXRD results always refer to thef coordinates. In Fig. 3, the triangle
represents the (Berkovich) indented area; the inner circle repsefiee equivalent
circular contact area with a radius equahtavhile the outer dash-dot circle represents
the simulated plastic zone boundary at the sample surfaceFagsin2(a) and 2(b). For
this um deep indentatiorg~8.4um, and the radius of the plastic zone boundary at the
surface is abouta@ namely about 2&m. It should be noticed that, even at an X-ray-
probed (X-ray-entering) position which is outside the plastic zone bouratatiie
surface, X-rays may still be able to probe the plastic zoree tduthe deep X-ray

penetration as indicated in Fig. 2(d). In fact, Fig. 2(d) also indicuat, if the X-ray



penetration length can be known precisely, tBXRD map as shown in Fig. 3 may be
used to determine the size and the shape of a plastic zone.

For the regions far away from any indents (not shown in Fig. 3){1ti® Laue spots
are circular without directional streaking, similar to the Lapet at the lower right
corner in Fig. 3. On the other hand, Fig. 3 shows various types anculifesttents of
streaking in Laue spots, indicating the complexity of indentatidneed deformation. In
order to determine the total indentation-induced lattice rotatiorshwald probe the X-
ray microbeam within the indent (the triangle region in Fig. 3)lastrated in Fig. 2(d).
Furthermore, Fig. 3 shows that the Laue spot in posAiamvolves a single directional
streaking, indicating that, among all positions within the triangudent, the lattice
rotation corresponding to positich may be the simplest and cleanest for analysis. In
fact, the Laue spots corresponding to positidiandB (see Figs. 3-4) are similar to those
observed by Ice’s group:*® Through theoretical analysis and simulationice’s group
found that the X-ray probed volume at positirinvolves one rotation axis[1(10])
corresponding to two equally operating slip syste(h$1)[101] and (111)[011],
representing the deformation associated with the corresponding sidentace. Here,
the corresponding slip systems and the rotation axis can be easily understood tlgough F
4(b). On the other hand, the probed volume at posBiorvolves multiple rotation axes.

By using spatially resolved 3D X-ray structural microscopg,;d group could study the

depth-profile of the rotation axis, and they found the following charig®etation axis

along the X-ray penetration corresponding to posiBoii*® [011] close to the surface

(note: [101] was addressed in Ref. 35, which should [41] as personally

communicated with the first author of Ref. 35), then several sequeataition axes,
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and finally [110]. This change of rotation axis can be understood by the comparison of

Figs. 4(a) and 4(b) and explained as follows. For posBiahe deformation close to the

surface is dominated by the deformation induced by the sideBfase that the slip
systems aré111)[101] and(111)[110] with an effective rotation axis d011]. Then,

for a deeper penetration of X-ray (see Fig. 4(a)), the detmmanduced by side fack

significantly contributes to the total deformation as well, sd tha total effective
rotation axis may be a convolution of the rotation ajel0] for faceA and [011] for
faceB, and the total effective rotation axis would change along they)penetration due
to the different degrees of sequential rotation ardard®] and[011]. Finally, for deep
enough X-ray penetration, the deformation induced by sideXaesuld be dominant, so
that the rotation axis becomfsi0].

Thus, since the Laue streaking is the simplest at pogitidor simplicity, all of our
following attention will be focused on the streaked diffraction spotsesponding to

positionA for all indents studied.

11
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FIG. 3. 440um® mapping of (111) Laue spots for different locations on the indemea of a

3um indentation as well as areas surrounding it. Here, everyeima@ie map is a 2D diffraction
intensity contour plot witly andé as the horizontal and vertical coordinates, respectively, @nd th
width (Ay) and height £0) of each image are 13.2nd 14.5 respectively. Distance between
images in this map is gm (twice the am step size for clarity). The triangle is the schematic of
the Berkovich indent; the inner circle is the equivalent cordgizcte with a radius, while the
outer circle is the finite element analysis (FEA) detagdiplastic zone boundary at the surface
with a radius abouteé8(see Fig. 8(b)). Here A’ and “B” denote the two positions which have

been studied by Yang etH®
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FIG. 4. (a)-(b) The comparison of a Berkovich indentation and the corresponding ®ipsy®)
The same optical image as in Fig. 2(a), schematically shaiwngrobed volumes corresponding
to positionsA, B, and C, respectively, where positions, B, and C are the centers of the
corresponding indent side facAsB andC, respectively. (b) The projection of the slip systems

into the indented (111) plane. Here, each indent side face mainly activatslgtaystems which
can be directly read from the corresponding part of (b), fstance, (111)[110] and
(111)[011] for faceC. In (b), the triangle (with thick solid black edges) repnés@ Berkovich
indentation. Moreover, the rotation axis for each indent side daa also be directly read from
(b), which is parallel to the corresponding indent edge,fstance,[101] for faceC. (c) The

relative X-ray beam sizes compared to the corresponding §)dbet3 circles from the smallest
to the largest represent the relative beam sizes corrésgotml 3um, lum, and 0.2pm
indentations, respectively (for easy illustration, the indent3 different indentation depths are

scaled to be the same, and the constant beam sizes are accordiedlyosbaldifferent).
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B. Comparison of Laue Peak Streaking for Different Indentation

Depths

For each of the three indentation depths analyzedh(3lum and 0.2hm), we
selected the particular (111) Laue diffraction spots coming frositionA (we had three
data sets for each indentation depth), and analyzed one representticaali spot for
each indentation depth as shown in Figs. 5(a)-5(e). Here, Fig. 4(c) #howelative X-
ray beam sizes compared to the corresponding indents.

It should be mentioned that, as shown in Fig. 5(f) which is a landseapeof Fig.
5(c), there is some anomalous (extra diffraction) intensitpal5° away from the main
(111) Laue peak, and this anomalous intensity is not observable fauthend 3um
indentations (not shown here). We think this anomalous intensity could &fact as
the background residue due to surface scattering after the rdaitkground removal,
and this conclusion is based on the following observations and the raftgiedents.
Firstly, because of our experimental setup as shown in Fig.tBéag is a very strong
broad background scattering (reflection) centered exactly arountbdhagon (in y-6)
where the anomalous intensity appears, and the background scattariddoemormally
removed through the routine background removal; however, if thergoare irregular
surface scattering from an imperfectly flat sample serfaome background residue
might be left after the routine background removal. Secondly, inFagt5(g) shows a
similar anomalous intensity at the same positiony{i#), which is corresponding to
another spatial position (rather than posit@@naround the same 0.2 indentation,

indicating that this anomalous intensity is not uniquely corresponditigetpositionA

14



for the indentation. Finally and most importantly, if this anomalousnsity resulted
from a real lattice rotation due to deformation, a similar ahaumsaintensity associated
with each of otherhkl) Laue peaks would appear in the Laue pattern, which is not the
case for this particular anomalous intensity in question as shown in Figfndgjg; on
the other hand, as shown in Fig. 5(g), therelisshape intensity tail associated with the
(111) Laue peak, which can be also seen from (224), (204), (202), andpE&H3,
indicating that thid.-shape intensity tail is due to a real lattice rotation. Thereforeawe
conclude that this anomalous intensity close to the (111) peak as shdéwmn 5(f) is
very probably an artifact as the background residue coming fromathples surface
reflection. Thus, as shown in Fig. 5(c), for the Qua5indentation, we analyzed only the
associated main (111) Laue peak excluding the anomalous intensity.

Figures 5(a)-5(e) show the streaked Laue diffraction spotshenphtiensity profiles
along the corresponding streaking directions (dashed lines in theucqbots). Figures
5(a)-5(c) show that the streaking directions are at a smaglle afrom the vertical
direction, namelyAy #0, which may be due to the slight misalignment of the incident
beam with respect to the proposed direction as illustrated ;1 E{g) and 2(b). In fact,
the uXRD scanning for the |@8n and 0.26m indents were done with the same sample
stage setting, so that they correspond to the same streakiaggtéfas in Figs. 5(a) and
5(c), whereas theXRD scanning for the [dm indent has a different streaking off-angle
as in Fig. 5(b) due to the detaching and re-attaching of the sample to the sageple sta

Figures 5(a)-5(e) also shows that the shapes and extentsi®fstraaking are very
similar for the three different indentation depths, although itmseéhat a smaller

indentation depth corresponds to a slightly larger streaking. Hece, the streaking off-

15



angles are small, for simplicity, the lattice rotatiotw (see Fig. 2(b)) may be
approximated by the extent of Laue streaking measured alongtrideking direction
(dash lines in Figs. 5(a)-5(c)). Using 1% of the maximum intgmasitthe threshold, Fig.
5(e) indicates that the Laue streakingdd) for the indentation depths ofi®1, lum and
0.25um are 4.8, 6.5, and 5.5, respectively, which could be used to determine the strain

gradients, or equivalentlys as discussed below.

16
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FIG. 5. (a)-(e) The Laue streakings for the representafi¢é)(Laue diffraction peaks from

position A corresponding to |8n, um, and 0.2pbm indentation depths. (a)-(c) 2D rainbow
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diffraction intensity contour plots ig-6 coordinate (108¢10.8) for the 3 indent§! here, the
diffraction intensity is normalized by its corresponding maxmintensity, and the white contour
lines (2.5%/contour) represent the normalized intensity frontd2d%. (d) The corresponding
intensity profiles along the dashed lines in (a)-(c), respegtiye) The Log-Linear plot of (d)
with the 1% threshold. (f) The representative Laue patgetar{dscape viewf (c)) for the same

0.25um indentation. (g) The Laue pattern from another positionAparound the same 0.2%

indentation.

C. The Relationship between the Laue Peak Streaking and the GND

Density

In this section, we derive the essential equations for predigtintprough uXRD
data. As illustrated in Fig. 2(c), the relationship between éattitation {/w) and lattice
curvature £) can be approximated Hy**=*4

ow Aow
K=—nr~r—,
oX  AX

(1)
where dw/ox is the strain gradient, antk is the transition distance alomgoetween the
two viewing locations (see Fig. 2(c)). Here, the extent of Ldtealeng is a direct
measure off w as discussed in the previous section; although it is obvious thiaédme
direction is thex direction, it is difficult to precisely determiné associated with the
Laue streakingdw. Since the lattice rotation due to elastic deformation rseigdly
negligible compared to that due to plasticity, as a first cedémation, as illustrated in

Fig. 2(b),4x may be approximated by the size of the plastic zone in e ttat the

incident beam can penetrate the entire plastic zone. As mentiofme, bthe X-ray

18



penetration length is over 3045®, which is large enough for X-rays to penetrate the
entire plastic zone of theud indentation as shown in Fig. 2(b). Thus, for all indentation
depths studiedx can be estimated by the corresponding plastic zone size. Morasver,
indicated in Fig. 2(b), the plastic zone could be approximated by arvasi
hemisphere with the center at the surface. Thus, by tgkeg the ratio of the plastic
zone radius to the equivalent contact rada)swWe havetx= fa.

The relationship between the lattice curvatuk@ &nd the GND densitypg)
associated with that curvaturé'is

_ K _dol
Pe™h “oxn,’

X

(2)

whereby is the component of the dislocation Burgers vector projected ontratisgtion
direction (thex direction) shown in Fig. 2(c). Combining Egs. 1 and 2, and notitiag
pa, we get

Aw Aw

) b, Aa - b, Ahtana ' )

P

whereq is the semi-angle (7XBof the Berkovich-equivalent conical indenter. To derive
Eq. 3, since the indentation sink-in is small as indicated in Fa), #(e neglect the
difference between the contact indentation depth and the total indentation depth.

It should be noticed that, for the case of indentation, the stradiegt, i.e.0w/ox ,
decreases rapidly from the indented surface into the sample, oreg the X-ray
penetration (thes direction)***>%*%thus, Eq. 2 indicates that is not a constant but
rapidly decreases along the line of penetration. Thus, Eq. 3 is odstiamation of the
average GND density. The determination of the dimensionless ptaste size £) is

essential to estimaje; using Eq. 3, which will be discussed below.
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D. The Relationship between the I ndentation Data and the GND Density

Figure 6 shows the indentation data fouan3ndentation and also two corresponding
finite element analysis (FEA) simulations. Here, the contingtiffiess measurement
(CSM) module in Nanoindenter X¥ can continuously record the contact stiffness
during an indentation, so that the hardness depth profile can be olitaimegh a single
indentation as shown in Fig. 6(b). There were 8 data setsuforilddentations (see Fig.
1); since all 8 data sets overlap each other nearly perfecdyshown here), we did the
analysis for a representative one, as shown in Fig. 6. Fig. 2(aateslithat the indent
shows a slight sink-in, which is consistent with the fact thatsample is an annealed
good quality crystat®* indicating that the Cu crystal may exhibit significant istra
hardenind*** In order to eliminate any uncertainties due to the sink-in efeenface
roughness, and area function of the indenter, we calculated the Hatdriess as shown
in Fig. 6(b) based on the continuously measured contact stiffnesisyaimgputting the
following elastic properties of Cu: Young’s modules120.5GPa, and Poissons’ raio
=0.35; the details of calculating the “true” hardness are destin Ref. 46° Fig. 6(b)
clearly shows the indentation-depth-dependent hardness (smalkardsr), i.e. the
indentation size effect (ISE). It should be noticed that theresistaning phenomenon
for indentation depth less than 250nm, which might be due to the nonrsidirsi
expansion of plastic zone and/or the tip bluntf&8§¥and this softening phenomenon

was also observed for single crystal Ni and Cu by other reseattfers.
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FIG. 6. (a) The indentation loaB)(vs. the indentation depth)(plot for a 3im indentation and

also two corresponding FEA simulations, whejgis the yield strengtl§, is the strain
hardening rate of linear hardening, anid the power of power law hardening. (b) The

corresponding Hardnesd) vs. the indentation depth)(plot for (a).

Following the work of Stelmashenko ef @nd De Guzman et alNix and Gad
provided a simple explanation for this depth-dependent hardness, in oérthe
geometrically necessary dislocation (GND) density as a fumaif indentation depth.
Durst and Goke'i as well as Ferl§ later modified the model to account primarily for the
fact that the plastic zone radius is not equal to the contact radiudix and Gao had

assumed. Still the revised model takes the form:

H_j.h
H—O—1+h, 4)

which can also be expressed equivalently as:

H_ h+Lle (5)
Ho Ps
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M*Cla’u®®  pb, h

(6)

where Ps =

Ho is the limit of the hardness when the indentatiepth becomes indefinitely large
(h—x), andhg is a material length scale. In Eq.dg,is the density of statistically stored
dislocations (SSDs)M is the Taylor factor, an#1=3.06 for face center cubic (FCC)
materials’* Cy is the ratio ofH, to the effective flow stresssg) corresponding to an
indefinitely large indentation is the Taylor constant, and it in the range of 0.8~or
FCC metal$:**31 is the shear modulub:;is the magnitude of the Burgers vector, dpd
is the component of the Burgers vector projected tme normal axis ([111] here) of the
indented sample surface;is the semi-angle (7F)Bof the Berkovich-equivalent conical
indenter, ang? is the ratio of the plastic zone size to the ccintadius. To derive Eq. 6,
as indicated in Figs. 2(a) and 6(a), we have négethe differences among the residual
indentation depth, the contact depth, and the maxinmdentation depth. Herps is the
dislocation density corresponding to the local fidastrain, andps is the excess
dislocation (GND) density corresponding to the lagadient of plastic straift. It should
be noticed that, although boglk and pc can be defined locallyys and ps in Egs. 3, 5,
and 6 are referred as the average values of threspamnding densities throughout the
plastic zone.

Equation 4 implies that the squaretbhas a linear relationship withhl/as shown in

Fig. 7.
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FIG. 7. TheH? vs. 1h plot for the experimental data in Fig. 6(b). Here the squaréb@ym

represents the experimental data for h>250nm, and the dash-deggmesents the fitting result

using Eq. 4.

Because the average SSD density is nominally independent of indentation depth,
the indentation-depth-dependent hardness (see 7yigmplies an indentation-depth-
dependent average GND density)( or equivalently, an indentation-depth-dependent
average strain gradienf(/Ax ) (see Egs. 1-3). By rearranging Eqgs. 4-6, we caness

pc in different ways:

Hg h,
=2 9 7a
Ps M2C2a2u? h (73)
HZ H?
=0 | 1], 7b
Ps MZC§0{t2,u2bZ(H02 ] (7b)
_15cofa 1 (70)
pG IBSbn h

Equations 7(a) and 7(b) can be used to pregicas a function ofh through the

experimental hardness data. Eq. 7(c) is an integesgsult, indicating that the product of
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h andpg is a constant which depends on the indenter gegrtwt andb,, and the effect
of material mechanical properties is indirectlyresgnted only through the size of the
plastic zone £). The comparison between Eqgs. 6 and 7(c) indidhtdsc increases with
decreasindh and is equal t@s at h=hy,. Moreover, according to Egs. 2-3 and 7(c), by

matchingpg, the average indentation-induced strain gradigai/(\x ) may be given by

Aw 15cofa b 15cole _ 1.5cet
AX Ash b £°h fla

n

(8a)

Equation 8(a) indicates that the average straidigna (Aw/Ax ) would be proportional
to 1h as expected, and thAtw/Ax may depend on the probing directio through the
direction-dependence &f. Here, Eq. 8(a) is consistent with Nix and Gassneation®
namely, Aw/Ax =~ cote /a, in which g is taken to be 1.0. Then, according to Eqgs. 1eB an
8(a), we have the following relation between th#ida rotation 4w, namely, the

observed Laue streaking, and the plastic zong(8)zzs

_1.5cotx &~ 1.5car

A=y T

: (8b)

indicating that the lattice rotationw may be independent of the indentation depth as
roughly shown in Figs. 5(a)-5(e). Furthermore, &¢p) can be used to estimgi¢hrough
the observed Laue streaking; thus, the average5.5’ for the 3 indentation depths as in

Fig. 5 impliesf ~2.3.
In addition, Eq. 6 provides the condition of moself-consistency, namely,

B 3M? ub b af

= — =8.1%°. 9
C.,2 2 Hy/h b tar‘a t ®)
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Here, based on the slip systems illustrated in 4ilg), b/b=0.816. To derive Eq. 9, we
have used the following valudst=3.06, 1/=44.7GPab=0.256nm,a=70.3 Hy=0.75GPa,
ho=246nm, andb,=0.209nm. For FCC metalsy is in the range of 0.2~0%°3! By
satisfying the condition of model self-consisteEy. 9), it is obvious that Eqgs. 7(a)-7(c)
are identical, so that we will use Eq. 7(c) in tbbowing due to its simple form. In fact,
the hardness data are not explicitly expressedjir7E) but indirectly represented in the
condition of model self-consistency (Eq. 9).

As indicated in Egs. 3 and 7(c), in order to catepe, S is the essential parameter.
Although g and Cy for work-hardened metals may be well approximatgdl.9 and
2.6>%8regpectively, the corresponding valueg3@indCy for annealed metals may be

larger***®In the following section, we will first discussethways to estimatg, and then

we will compare the two values p§ calculated using Egs. 3 and 7.

E. The Comparison of the Two Values of GND Density through

Hardness and Laue Streaking

In order to have a better estimation/hiwe performed finite element analysis (FEA)
using the ABAQUS software package. The FEA results are shown is.fignd 8 as
well as listed in Table I. Figure 6 indicates ttie FEA simulations assuming both linear
hardening and power-law hardening match the exmeriah results, and it should be
noticed that our FEA simulations was based on amnweal plasticity and did not
include the extra hardening associated with stgaadlients. As illustrated in Fig. 8, the

ratio of the contact radius to the maximum deptabsut 0.92 for both the hardening
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laws, indicating a small sink-in effect, which isnsistent with the shape of the residual
indents as shown in Fig. 2(a). Although the sti@ndening property of our annealed
copper sample was not experimentally tested, Lich@haudhri found that the strain-
hardening law for well annealed polycrystalline pep is power-law hardening with
n~0.5. Furthermore, Figs. 6 and 8 as well as Talelicate that the two significantly
different hardening laws (linear and power-law)egivery similar results, implying a
small effect of changing hardening laws. Therefove,will estimate the quantities for
our Cu sample using the averages of the correspgrtt A-computed values determined
from the two hardening laws.

PEEQ
(Avg: 75%)

a +7.551e-01 b
0.750
0.400
0.200
0.070

0.002
+0.000=+00

FIG. 8. The FEA-calculated equivalent plastic strain (PEE@BAQUS™) contour plots. (a)

For 6,,=50MPa,S=2.7GPal/plastic strain, assuming linear strain hardening.dby=9MPa,
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n=0.5, assuming power-law hardenifigHere, the two images are scaled to have the same

contact radius for a better comparison.

Since both Egs. 3 and 7(c) are derived based oaweging throughout the plastic
zone, a representative quantity is needed for iiyerg the plastic zone boundary, and
the equivalent plastic straig,f as in Fig. 8 may be a good candidate for the wjiyan
Figure 8 indicates that the indentation-inducedstpdastrain is highly non-uniform and
concentrated below indentation. Consequently, tmaight be two kinds of effective
plastic strain: onegfy) for identifying the plastic zone boundary and tieer one ;)
equal to the average strain in the correspondiastigl zone; it is obvioug,e>>gy, due to
the highly strain concentration under indentatisnnaFig. 8. In fact, the definition of the
average strairge is consistent with that of the representative mtagon plastic strain
(r) Which is a measure of the average indentationdad plastic strain, and the ratio of
hardness to the flow stress corresponding,t@s equal to about ¥ Johnson suggested
that g,~0.2tary,*® namely,,~7% for a Berkovich indentation, which is consistesith
the FEA resultsH/oy~3.1 atg~7%) as listed in Table I. Thus, we should expeat the
average straigy,e~gy~7% is much larger than the effective strain atglastic boundary
(5b); the 7%-plastic-strain contour may be an innermabfor estimating the plastic zone
boundary, whereas the 0.2%-plastic-strain contoay be expected to be an outer bound
for the plastic zone boundary. By measuring thairstcontours in Fig. 8 usingcion™
Image softwargthe 7% and 0.2% plastic-strain contours corregporf~1.45 ands~4.3,

respectively, as listed in Table I; thy$y1.45 andf~4.3 may be the lower and upper
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bounds forg, respectively. By inserting the estimated valukeg,qos can be calculated
using Eq. 7(c) based on the revised Nix-Gao maoaelusing Eq. 3 througitXRD data.

Figure 9 shows the comparison of the two valuepgo€alculated using Egs. 3 and
7(c). Herep,=0.781b=0.2nm, according to the corresponding slip syst@fits 4(b)) and
the experimental setup (Fig. 2(b)). Figures 9(a) @fi) indicate that, by taking= 1.45
(8 = 4.3), ps calculated using Eq. 7 is much larger (smalleantthat calculated using
Eq. 3. This large difference between the two ptemtis can be understood by the large
gradient ofps due to the plastic strain concentration as shawfig. 8 and also the large
gradient of ps as indicated by the rapid decrease of strain gradalong the X-ray
penetration patft*>****Moreover, as discussed aboy®1.45 andg~4.3 may be the
lower and upper bounds fg#, respectively; thus, as shown in Fig. 9(a), therowr
under-estimation off would have a much larger effect through «c1/(5°h) (Eq. 7(c))
than throughp, o« 1/(8h) (Eq. 3).

As discussed in the previous section, based or8@q.and the Laue streaking as in
Fig. 5,4=2.3. Alternatively, Figure 9 also shows that, if take=2.3, i.e.5,~1.8% (see
Fig. 8 and Table 1), the two estimatesogfcalculated from Eqs. 3 and 7(c) match nicely,
implying that$ ~2.3 might be a nice estimation for the effectivastic zone size. In fact,
this estimation ofg (=2.3) is consistent with Durst et al's estimatigh~@2.2) through
their study of the ISE in single crystal Cu and"NT.hen, based on this estimation®f
(=2.3), pc andps vs. h for the single crystal (111) Cu are plotted in.F(r); here, since
ho #250nm, ps ~ps (=300um™®) at h=250nm. It should be noticed that, as discussed

before, due to the strong plastic strain concedotrathe effective plastic strain at the
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plastic zone boundarysf~1.8%) << the average plastic strain in the plagbne
(e &r=T%) 8

In the following, we want to discuss some implioas of the previous results on
strain gradient plasticity. According to a law fetrain gradient plasticity theof§,we

have

Oy

[iJ —1+1n, (10)

whereo is the flow stressgy is the flow stress in the absence of strain gradje=pcb

is the strain gradierif, andi is a material length scale. Then, according ta Bg§, and

10, noticing thaty=ocb andHx o, we have

| =—, (11a)

" tan’a h,.. 11b
- 15p ety (11b)

2
~ 3
I:Mzaf{—ﬂ}b:—'g b
ye

Equation 11(a) indicates that the material Iengthle;f depends onps which is

dependent on the average plastic strain level, thuis not a purely “intrinsic” material

constant, and it also depends on the mode of detwm For example, for an

indentation problem, Eq. 11(b) indicates tHAatdepends on the indentation-induced

effective flow stress ) corresponding tdi—co or equivalently on the indentation-

induced average plastic straigf; alternatively,f depends on the material mechanical

properties (indirectly throug) and also the indenter geometey).(Then, by inputting

the estimation of5~2.3, Eq. 11(b) predicts theftz13pm for copper indented with a

29



Berkovich indenter. Moreover, by takinge«~252MPa corresponding tge=gx~7% as
listed in Table I, we hav€y ~3.1, and Eqg. 11(b) (equivalently the condition addel
self-consistency (Eg. 9)) predicts that the Taglomstante; ~0.4 for copper. Thus, based
on Egs. 8(b) and 9, using the indentation-deptreddent hardness datdy(andhg) and
the correspondingXRD data (dw), we might obtain a way of estimating the Taylor

constantx by

1/2 1/4
PO HZh, b} tanx (12)
t 2 2 3 '

MC, | ub ) |bb® Aw

Here, as discussed above, the effective (averagientation-induced flow stressyf)
corresponds teyexgy~7% rather tham,e=0% or 0.2%; thusCy (=H/gye, i.€.# H/ gy0) can
be estimated nicely by 3.0 for most materials ektepse with high yield-strength-to-
modulus ratio§®*°

In summary, by matchingg predicted by the revised Nix and Gao model and tha
determined throughhXRD data, we find that the dimensionless indentaptastic zone
sizef ~2.3, which is corresponding to the 1.8%-plastiaistcontour determined through
finite element analysis. Thus, the average SSDityefyss) for a Berkovich indentation
on (111) Cu single crystal is determined to be al3@@um?, corresponding to a mean
distance between SSDs of ~58nm. Through indentdtzmdness and the corresponding

uXRD data, we could estimate the material Iengthes(j:';l) for copper indented with a

Berkovich indenter and also the Taylor consta#jtfor copper:f ~13umand o ~0.4.
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TABLE I. The inputs and outputs of the FEA simulat®ns

Srain- Smulation inputs Y
hardenin hJ/h €p Oy
Law T S (GPa) @ (MPa) ov P

(MPa) (MPa)

0.2 55.4 14.8 4.3
Linear 50 2700 - 0821 092 18 98.6 8.3 2.4
7 239 3.4 1.5
0.2 48.7 15.7 4.3
Power-law 9 - 05 0.765 092 1.8 136.6 5.6 2.2
7 265 2.9 1.4
0.2 52 15.3 4.3
Average - - - 0.793 092 1.8 118 6.7 2.3
7 252 3.1 1.45

a) Here,h; is the indentation contact depthy is the initial yield strength§, is the strain-
hardening rate for linear strain hardening, and the power of power-law hardening.is the
plastic strain, and, is the corresponding flow stress. Each plastic zone raga)Sg estimated
by the radius of an equivalent circle with the area equal to 4 times of the segrounded by the
corresponding iso-plastic-strain contour as shown in Fig. 8(algoB8t), and the images were

analyzed using Scidl Image software.
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FIG. 9. The comparison gf; calculated using Egs. 3 and Eq. 7(c): (a) the linear-linexdy (td)
the corresponding Log-Log plot. Here, for (a) and (b), the uppergtéasquare, and lower
triangle symbols correspond to the plastic strain equal to 7%, 1r&94).2%, i.ef = 1.45, 2.3,

and 4.3, respectively. (c) The plot of dislocation densities kidifesponding t@ =2.3.

V. CONCLUSION

Using a synchrotron technique involving white-beaXaray microdiffraction
(uXRD), we have observed Laue peak streaking neafl snagntations in the (111)

surface of a copper single crystal. The geomelyicgacessary dislocation densips
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computed from the observed streaking increases détreasing indentation depth,
which is in good agreement witlz computed from the observed indentation size effect
(ISE) using a revised Nix-Gao model. This findingpgorts that the ISE is associated
with geometrically necessary dislocations and eelatrain gradients. Moreover, it is
demonstrated thatXRD is a good tool for probing the deformation memgism at the

sub-micrometer scale.
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